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ABSTRACT

This paper describes an investigation of a thunderstorm that occurred in the summer of 1991 over the
National Astronomy and Ionosphere Center in Arecibo, Puerto Rico. Observations were made using collinear
dual-wavelength Doppler radars, which permit virtually simultaneous observation of the same pulse volume
using transmission and reception of coherent UHF and VHF signals on alternate pulses. This made it possible
to directly measure the vertical wind within the sampling volume using the VHF signal while using the UHF
signal to study the nature of the precipitation. The observed storm showed strong similarities with systems
observed in the Global Atmospheric Research Program’s Atlantic Tropical Experiment study. Since this ex-
periment can determine the various microphysical parameters, such as the vertical air velocity, the mean fall
speeds of the precipitation, and the reflectivity, the relationships between these parameters that have been
postulated in past studies can be tested. For example, in this paper, the method of using reflectivities to deduce
the fall speeds of precipitation particles is studied. The method is found to be unreliable when used in turbulent

environments.

1. Imtroduction

The purpose of this work is to describe the prelim-
inary results from a dual-wavelength Doppler radar
system that was used to acquire observations of a trop-
ical thunderstorm cluster. When single-frequency
Doppler radar is employed in the investigation of cloud
and precipitation microphysics, one must make the
compromising decision as to which wavelength to use.
Frequencies optimal for the study of precipitation are
extremely insensitive to motions of the air through
which the precipitation is moving. In choosing a wave-
length that can detect the air motion, a limit has been
placed on the range of precipitation particles that can
be observed. The observations to be discussed in this
work, however, are unique in that the dual wavelengths
used enable a virtually simultaneous determination of
both the vertical air motions and the precipitation fall
speeds. Data obtained from a UHF (430 MHz) Dopp-
ler radar were used in the investigation of the precip-
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itation, while a VHF (46.8 MHz) Doppler radar was
used to determine the extent of the vertical motion of
the air. Methods used in the analysis of the data for
determining the storm’s vertical winds and physical
parameters related to precipitation particle size are de-
scribed.

One of the most critical parameters deduced from
such measurements, and one of central importance in
cloud and precipitation microphysics, is the distribu-
tion of the water particles as a function of diameter
N(D). The drop size distribution (DSD) has been
shown to be well approximated by a gamma distri-
bution (Ulbrich 1983; Deirmendjian 1965) of the form

N(D) = NyD*e 4P, (1)
where N(D) is the number of raindrops of diameter D
per unit volume per unit diameter interval and N, A,
and u are parameters of the distribution. To find the
DSD accurately from Doppler radar spectra it is nec-
essary to have accurate measurements of the particle
fall speeds, which in turn requires that accurate esti-
mates be made of the motion of the air through which
the drops are falling.
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Single-frequency Doppler radars for the observation
of clouds and precipitation systems at vertical incidence
have been employed by many investigators. Early work
includes that of Caton (1966) and Battan and Theiss
(1970). Each of these investigations suffered from a
severe restriction, namely, an inability to unambigu-
ously determine the magnitude of the vertical wind.
In single-frequency Doppler radar studies, a time series
of backscattered signals from the falling raindrops is
converted to a Doppler velocity spectrum through a
Fourier transform, but this will not yield the true mo-
tion of the particles. The drop velocities determined in
this way are biased by the presence of any vertical wind.
To find the true terminal fall velocities that the particles
would experience in a quiescent medium, the vertical
wind must be removed.

A method of correcting for vertical wind was devised
by Rogers (1964), who found a theoretical relation
between the mean Doppler fall speed (v, ) and the re-
flectivity factor Z. The measured value of Z is used in
this relation to find {v,), which is then subtracted from
the measured mean Doppler velocity (v to find the
vertical wind. The latter value is then subtracted from
each of the Doppler velocities in the spectrum, thus
yielding the actual fall speeds of the particles from
which their sizes can be found. Since Rogers’ work,
many empirical relations of similar form have been
suggested in an effort to improve the accuracy of the
method, such as the work of Joss and Waldvogel
(1970), Willis (1984), and others.

The importance of including the vertical ve1001ty
corrections was demonstrated by Atlas et al. (1973),
who showed that estimates of the drop size distribution
deduced from the Doppler spectrum were extremely
sensitive to errors in the determination of the vertical
wind. In fact, they found particle concentrations to be
in error by orders of magnitude resulting from errors
in the determination of the vertical wind of only 0.25
m s~'. Therefore, the usefulness of vertical incidence
measurements and empirical relations similar to that
proposed by Rogers (1964) was said to be limited to
those cases where the vertical winds were small and
relatively uniform, such as in stratiform rain. A tur-
bulent medium can also corrupt the Doppler velocities
associated with the water particles. The precipitation
particles are carried along with the turbulence, which

.has the effect of “smearing” their backscattered signal
across the frequency bins in the Doppler spectrum.
This in turn broadens the spectrum, which leads to an
erroneous assessment of the actual diameters of the
particles and their distribution function.

Other methods of analysis have been proposed for
extracting the vertical wind from the Doppler spectrum.
Hauser and Amayenc (1983) and Klaasen (1989) have
attempted to deduce the vertical wind, not by direct
measurement, but through analysis methods based on
changes in the structure of the Doppler spectrum pro-
duced by the presence of updrafts or downdrafts. Still
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other methods have been devised that try to identify
some feature in the spectrum that can be attributed to
the vertical air motion. The work of Dennis (1990)
shows a signature in the spectrum attributed to the
presence of lightning in the radar sampling volume,
presumably due to the radar’s ability to detect the ion-
ized plasma created by the lightning. If the plasma is
carried along with the vertical wind and if the char-
acteristic signature can be spotted in the spectrum as-
sociated with the sampling volume, then the vertical
air motion can be deduced. The approach provided a
very limited number of times and heights in which the
vertical wind could be estimated, namely, only those
times when lightning was present and could be iden-
tified in the sampling volume. It is sometimes possible
to isolate the vertical wind contribution from the pre-
cipitation contribution in the Doppler spectrum in the
case where the contributions from the two are well sep-
arated in velocity (Gossard and Strauch 1988; Gossard
et al. 1990, 1992; Wagasugi et al. 1986, 1987). This is
normally possible only for a limited range of altitudes
and usually only when the rainfall rate is large. In a
study with the same general goals as the ones described
here, Currier (1990) has used two different vertically
pointing Doppler radars with frequencies of 50 and
915 MHz for his investigation of precipitation. How-
ever, there was an uncertainty introduced in his in-
vestigation due to the fact that the two radars were not
collinear.

2. Theoretical background

The backscattered power received by a radar antenna
is related to the total transmitted power through the
radar equation. For a Gaussian beam pattern, the radar
equation in the far field can be expressed as (Battan
1973)

¢
102472(In2)

where P, (W) is the average returned power, P, (W) is
the transmitted power, ¢ (m s ') is the speed of light,
r (s) is the puise duration, A (m) is the radar wave-
length, G is the antenna gain, 6 and ¢ are the 3-dB
beamwidths, 7 (m™!) is the reflectivity per unit volume,
and r (m) is the range. The scattering mechanisms to
be considered here are the precipitation particles (pre-
cipitation contribution) and the spatial variations of
the refractive index of air (turbulent contribution).
Assuming a collection of spherical scatterers in the
Rayleigh approximation (dimension of the particles
smaller than A/10), then

P = (P,TVGZoq))(%) , @

7T'5 " 7T5
n =17 1K1 3 mDf =7 1kIPZ X 107, (3)
i=1

where |k|? is the refractivity factor, n; (m™) is the
concentration of particles of diameter D; (m), and Z
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(mm® m™3) is defined as the radar reflectivity factor
with the sum running over all particles within the sam-
pling volume. For water, |k|? is approximately equal
10 0.93 and for ice it is approximately 0.21. When an
inertial subrange extends to wavelengths equal to half
the radar wavelength A, turbulent fluctuations in the
refractive index produce a turbulent reflectivity that
can be expressed as

n = 0.38\"1/3C2, (4)
where C2 is the structure constant that parameterizes
the intensity of refractivity turbulence. Also, C? is di-
rectly proportional to the mean-square fluctuations of
the refractive index { An*) and the outer scale of the
turbulence.

Larsen and Rottger (1987) have discussed the con-
tributions of the two reflectivity factors to the back-
scattered power at UHF and VHF frequencies. In Fig.
1 the reflectivities for turbulent scatter and for precip-
itation are shown as a function of the radar wavelength.
The plotted values correspond to Z = 30 and 50 dBZ
and are typical of those observed in moderate and
heavy rainfall, respectively. The values of C? equal to
107 m~23 and 107"3 m~%/3 are likewise representative
of what one might find in moderate and severe tur-
bulence similar to that expected in a thunderstorm. It
is clear that the returned signal at UHF (70 cm) will
be dominated by precipitation, whereas VHF (6 m)
should exhibit some contribution from both precipi-
tation as well as turbulence. It is this property that
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FIiG. 1. Plot of reflectivity 5 as a function of radar wavelength A
for precipitation and clear-air turbulence. The values of Z (dBZ)
and C2 shown are typical of those found in a thunderstorm environ-
ment. The wavelengths used in this experiment are indicated.
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makes VHF a suitable frequency for obtaining the ver-
tical air velocities, even in the presence of precipitation.

The VHF spectra are also useful in deconvolving the
effects of turbulence from the precipitation (or UHF)
spectra. As mentioned above, the presence of turbu-
lence has the effect of broadening the spectrum of
Doppler velocities. Wagasugi et al. (1986) have dis-
cussed how the precipitation spectra might be affected
by a turbulent environment. With a DSD as given in
Eq. (1), one expects a normalized Doppler spectrum
due to precipitation S;(v) to be given by

D*N(D)dD

S](v)dv = 7 )

(5)

where v is the vertical Doppler velocity (in this case,
the terminal fall speed of the precipitation particles).
This is the expected spectrum for a quiescent environ-
ment. If one assumes that the turbulent velocities of
the air through which the raindrops are falling have a
Gaussian distribution, then the normalized spectrum
from the air return will be written as

S(0) = —L — exp[ 22
2 )— (21r0_2)1/2 eXp<2o_2) ) (6)

where ¢ is the variance. The spectrum of Doppler ve-
locities actually observed consists of S| (v) convolved
in velocity space with S,(v) as well as a contribution
from S(v) alone. When the magnitude of the vertical
wind w is included, the form of the observed spectrum
So is obtained,

So(v) = PiSi1(v — w)=85,(v) + P,S(v —w), (7)

where P, and P, are the backscattered powers from the
precipitation and turbulence, respectively. Here the
convolution is shown by the asterisk operator. This
form of the equation does not take into account any
system errors or beam-broadening effects. Wagusuki
et al. (1986 ) describe a windowing function W (v) that
can be introduced to take into account the truncation
of data. Based on the results of Larsen and Rottger
(1987) as discussed above, one would expect P, to be
much larger than P, for UHF, and P, and P, to be of
comparable magnitude for VHF.

The DSD, N(D), and the mean Doppler precipi-
tation particle fall speed {v,) can be calculated from
the observed normalized Doppler spectrum. The fall
speed vy is given by vy = v — w. If the effects of tur-
bulence are removed, the DSD can be found from Eq.
(5) with the substitution of v/ for v. As can be seen in
Eq. (5), vymust be known as a function of the diameter.
This information cannot be determined directly with
remote sensing techniques, such as radar probing, and
introduces a considerable uncertainty in the determi-
nation of the DSD. Such a priori information need not
be introduced, however, in the calculation of the mean
Doppler fall speed. If a reflectivity weighted mean is
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used in making this calculation, the equation has the
form

e o]

{vr) = fo vsS(vy)dvy, (8)
which does not take into consideration any data trun-
cation. The radar is not sensitive to the full range of
fall speeds; therefore, in reality the limits on the integral
are U;min and U;max, Where v;min and v,;max are the min-
imum and maximum detected speeds, respectively. As
will be discussed in the following, the mean Doppler
fall speed can be related to other observables.

3. Description of the experiment

The facilities at the NAIC (National Astronomy and
Ionosphere Center) Observatory in Arecibo, Puerto
Rico, permit the transmission and reception of coher-
ent UHF and VHF signals on alternate pulses using a
collinear feed arrangement. By operating the radar in
a vertical orientation using the two frequencies in con-
junction, it is possible to virtually simultaneously ob-
tain information from a sampled volume of space re-
lating to its moisture content as well as the vertical
wind and the turbulence.

The UHF (430 MHz) and VHF (46.8 MHz ) anten-
nas at the Arecibo Observatory share the same 300-m-
diameter dish. These antennas are mounted on a plat-
form that is suspended 265 m above the base of the
dish. The two yagi antennas used by the VHF system

" are symmetrically spaced on either side of the 29.3-m
line feed used by the UHF system. The fact that the
two antennas are coaligned allows the sampling of
nearly the same volume of space. Keener et al. (1991)
discuss the application of the Arecibo UHF-VHF radar
in the analysis of velocity—azimuth display (VAD) data
for clear air. Their analysis shows the two systems to
be in good agreement up to about 12 km where the
VHF data became noisy. The range of heights sampled
in this analysis was from 4.5 km up to 18.6 km MSL
divided into 48 gates. All references to heights in this
work will be expressed relative to mean sea level. Both
radars used a 2-us pulse length giving a range resolution
of 300 m. It was not possible to make observations
below the 5-km height due to the design of the trans-
mit-receive switch.

Each radar used an interpulse period of 1 ms. After
transmission and reception of a code pulse and com-
plementary code pulse at one frequency, the same was
performed for the other frequency, giving an effective
interpulse period of 4 ms. Since the UHF frequency is
approximately nine times larger than the VHF fre-
quency, it was necessary to perform nine times more
coherent integration of the VHF signal to produce ap-
prcximately the same Nyquist velocity as obtained
from the UHF signal. To obtain the Nyquist velocity
of 22 m s™! used in the analysis, 2 coherent UHF and
18 coherent VHF integrations were done. In order that
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the two frequencies span the same time interval, thus
allowing for valid comparison of the two returned sig-
nals, an additional 9 incoherent integrations were done
on the UHF data to form a single block data. Since
64-point fast Fourier transforms (FFTs) were used in
the analysis, each block corresponds to 4.6 s of real-
time data.

In comparing the spectra obtained, it is important
to note that the peak transmitted power of the UHF
radar is 2.5 MW whereas it is only 50 kW for the VHF
radar. Since the UHF transmitter was operated at 75%
maximum power and both transmitters used a duty
cycle of 0.1%, the average powers of the UHF and VHF
transmitters were 1875 and 50 W, respectively. This
corresponds to a difference of 15.7 dB. Therefore, the
VHEF spectra tend to be noisier than the UHF spectra.
This can make the extraction of the clear-air signal
from the spectra in the higher altitudes difficult at times.
Another difference in the two systems is the distance
to the far field. The antenna gain appearing in Eq. (1)
has been given by Stutzman and Thiele (1981) to be

4nA,

==z 9)
where A, is the effective aperture. This equation is valid
in both the near and far field with the range dependence
lying in A4,. In the far field the equality exists 4, = 4,
where A is the actual illuminated diameter of the dish.
In the near field, however, the effective aperture is given
by (Farley 1983)

)\2,.2

A 3
where r is the range. Therefore, the returned power
should drop off as ™2 in the far field but show no r
dependence in the near field. Farley further states that
the distance to the far field is roughly 1-2 D?/\, where
D is the effective diameter of the dish and A is the radar
wavelength. For both the UHF and VHF systems the
illuminated diameter is 200 m. This would put the far
field between 57 and 114 km at UHF and between 6.5
and 13 km at VHF. Comparison of the returned powers
of the two radar systems in clear air seems to suggest
that the VHF far field begins at about 8.1 km (gate
13). Clearly all observations are made in the near field
at UHF, but the transition occurs within the bounds
of the data to be considered at VHF.

A (10)

4. Measurements

The data presented here were obtained as a convec-
tive thunderstorm passed over the Arecibo observatory
on 21 August 1991. A sounding at the San Juan airport
(90 km to the east) taken 3—-4 h after the data collected
in this experiment shows a very moist atmosphere at
all levels and a Showalter stability index of —2.3, in-
dicative of the potential for strong thunderstorm ac-
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tivity. Light winds were blowing from the east (~4
m s™!) in the lower levels with a layer of 12 ms™’
easterlies at altitudes of 2.5-4 km. Above a height of
about 12 km the winds reverse direction and are gen-
erally west-northwest at about 6 m s™!. This reversal
of wind direction produces shear, which will be quite
evident in the time-height cross sections to be presented
later in this work.

The data collected on 21 August span the period
from 1400 to 1629 LST. Light and intermittent rain
was observed on the ground initially, but the radar data
for this period are not shown here. A time-height cross
section of data collected from 1453 to 1626 LST is
given in Fig. 3 as an illustration of the development of
the storm, but the main focus of this work will con-
centrate on those data taken beginning at 1545 LST
during the most dynamic activity. The data from the
lowest gates are not shown due to the high levels of
noise from the transmit-receive switch. This is likewise
true in subsequent figures. At 1550 LST frequent light-
ning events and heavy rain began to be observed over
the radar and persisted, except for a brief decrease in
storm intensity at 1622 LST. At 1629 LST a lightning
strike caused a power outage at the facility and disabled
the compressor servicing the receiver, which forced a
discontinuation of the observations. Heavy rain con-
tinued to be observed at the ground for at least an hour
after the power outage.

5. Determination of the vertical wind

As stated in section 4, the sensitivity of the VHF
radar to turbulent scatter makes it the logical choice
for extracting the vertical winds from the spectra. When
there is sufficient power in the returned signal from
the VHF radar, the updrafts and downdrafts can be
readily identified. If the returned signal from the tur-
bulence is significantly greater than that from the pre-
cipitation, then the turbulent contribution will be
dominant. In such cases there is a clear advantage to
the dual-frequency method over the single-frequency
method since a large separation in velocity need not
exist in order to study the winds and the precipitation.
The winds are obtained from the VHF radar and the
UHF radar is used to analyze the precipitation. It was
often the case for the VHF data, however, that either
the signal was too noisy, especially in the upper gates,
or the precipitation signal overshadowed the turbulent
scatter signal. In these instances, one can examine the
UEF spectra to try and pick out the wind. Although
the UHF radar is rather insensitive to smaller precip-
itation particles, they are often present within the sam-
pling volume in great enough numbers to enable de-
tection. If one assumes that these lighter particles are
instantaneously carried along with the wind, then they
will act as tracers. Thus, a small contribution that can
be attributed to the clear-air return can be seen in the
UHF spectrum.
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FIG. 2. An example of the display used in determining the vertical
winds from the UHF and VHF spectra. Each spectrum has been
normalized to its peak value and is displayed on a linear vertical
scale. The VHF spectra are given in the first column along with a
solid curve showing the estimation of the vertical wind. Both the
UHEF spectra and the adjusted UHF spectra (with vertical winds sub-
tracted ) are shown in the second and third columns, respectively. In
the power and noise profiles, the UHF values are given by asterisks
and the VHF values by plus signs. The symbols connected by line
segments denote the power, whereas those not connected indicate
the noise level.

An example of the data obtained at 1510 LST (early
in the development of the storm) is given in Fig. 2.
The spectra shown here are displayed using a linear
power spectral density scale, and a three-point running
average has been performed to smooth the spectra.
Since these data have all been normalized to the peak
in each spectrum, the corresponding power is also dis-
played for reference on the right side of the figure. The
UHF power and noise are given by the connected and
separated asterisks, respectively. The VHF power is
likewise shown using plus signs. It should be noted at
this point that the radar has not been calibrated in the
troposphere and any powers given in this discussion
will be relative powers. For these data, five blocks were
incoherently integrated corresponding to 25 s of real-
time sampling. A line has been drawn through the VHF
data to show which peaks were used in deducing the
vertical wind. Here the positive Doppler velocities cor-
respond to motion away from the radar. Since the
power in the VHF signal begins to decrease as r 2 after
gate 13, the spectra begin to get progressively more
noisy. From the power profile given in Fig. 2, it is seen
that the returned power in the UHF signal begins to
decrease rapidly above 14 km, due to the presence of
the tropopause at that height, which inhibits the de-
velopment of the storm to higher altitudes. Above the
tropopause, the UHF spectra are used to determine the
vertical wind since any precipitation particles above
those altitudes will be small. The adjusted UHF spectra
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are also given in Fig. 2. Here the vertical wind has been
removed from the spectra giving the Doppler velocities
that would be produced by the terminal velocities of
the water droplets alone. The effects of turbulent
broadening are still present since no deconvolution has

been performed. This will not, however, affect the es--

timate of the vertical wind since any convolution will
broaden the spectrum but not shift the peak.

The 93 min of data taken as the storm passed over
the observatory have been divided for analysis. The
first 53 min of the data corresponding to the early de-
velopment of the storm consist of 65 data segments.
Each data segment was constructed from ten incoher-
ently integrated blocks or 50 s of real-time data. The
remainder of the data was divided into 100 data seg-
ments using five incoherently integrated blocks. During
these time intervals, vertical wind profiles were gen-
erated for each data segment. To minimize the possi-
bility of falsely labeling a peak in the spectrum as a
clear-air peak, the following procedure was used. The

normalized UHF and VHF data were overlapped on

the same axis for comparison over a range of gates.
The first data segment was examined closely to deter-
mine the magnitude of the vertical wind. Then the
vertical wind profile that was generated and the UHF
spectra with the vertical winds removed were displayed.
If any abrupt changes occurred from gate to gate, then
the UHF-VHF data were reexamined. In picking out
the vertical wind from the next data segment, the same
approach was used but, in addition, the data from the
previous data segment were considered. Here an at-
tempt was made to prevent any abrupt changes in the
vertical wind profiles and adjusted UHF spectra both
from gate to gate as well as from data segment to data
segment. In regions where the VHF data seemed noisy
or otherwise unreliable, the UHF data were used. In
this way the confidence level in the assessment of the
vertical wind profiles was increased.

6. General features of the storm

Since all observations made with the UHF radar are
in the near field, the reflectivity of the precipitation
aloft will be directly proportional to the power calcu-
lated from the Doppler spectra as given by Eqgs. (2),
(9), and (10). Although the radar is uncalibrated, the
relative power obtained will translate into actual power
through a linear relationship. Furthermore, since the
UHF radar is operating in the near field and there is
no r~2 dependence, the power is also directly propor-
tional to the reflectivity Z. Again there is no calibration,
but any scaling factor in the values of Z will simply be
present as a constant additive factor when displayed
logarithmically. A time-height cross section of the
UHF power is shown in Fig. 3 corresponding to the
time when the storm first passed over the radar till the
point of the power outage. The main activity of the
storm is present within the last 40 min of the data and
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FiG. 3. Time-height profile of UHF relative power showing the
cross section of the storm as it passed over the radar. Shown are the
90-, 100-, 110-, and 120-dB contour levels in relative units. The darker
shading represents larger values. The distance shown along the abscissa
in (¢) is calculated assuming the storm is moving horizontally at 12
ms~, :

is shown in Fig. 3b. In both Fig. 3a and Fig. 3b, the
abscissa has been divided into roughly 3-min incre-
ments. Contour levels are in arbitrary units with the
minimum contour level corresponding to a value of
90 dB increasing to 120 dB in 10-dB increments. With
the exception of a precipitation-producing cell extend-
ing to a height of about 8.7 km at 1418 LST, there was
very little activity prior to the onset of the storm at
1500 LST where cloud top is seen to extend to the
tropopause. From the soundings taken at the San Juan
airport, the winds at the 700-mb level are 12 m s™!
and out of the east-southeast. Taking this as the rate
at which the storm is advancing, the corresponding
horizontal extent of the data would be 67 km and the
vertical extent is 12 km. Figure 3¢ shows the storm
using this scale.

One of the notable features of the storm as seen in
Fig. 3 is the tilted columns of high returned power.
Early in the storm the tilted columns correspond to
the progression of raindrops falling through the cloud.
The droplets begin forming and become detectable in
the spectra near the top of the cloud at roughly 13.5
km. At later times there is a distinct height representing
a boundary of precipitation sweeping through the
cloud. Above the interface one can identify a precipi-
tation peak in the UHF spectra that is not present in
the lower sampled heights. This is particularly notice-
able from 1515 to 1520 LST as a steep gradient in the
UHF power. The precipitation boundary itself ad-
vances through the cloud at a rate consistent with the
average fall speed of the precipitation particles, or
roughly 4 m s™'. The vertical motion of the particles
together with the horizontal motion of the storm cause
the tilted structure in the UHF power. As time pro-
gresses, a region in the storm begins developing wherein
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the tilt of the columns changes orientation and they
become tilted in the opposite direction (see, e.g., Fig.
3b). This will be seen to be attributed to the strong
vertical updrafts that form as the storm intensifies and
to the vertical shear in the environmental winds.
Two time-height cross sections of the vertical wind
corresponding to the data in Fig. 3b are shown in Fig.
4. It can be seen in Fig. 4b that the updrafts dominate
this region of the storm. Although only the 6, 12, and
18 ms~! contour levels are indicated, the updrafts
reach magnitudes greater than 22 m s~!. Shown in Fig.
4c¢ and 4d are the UHF power along with a profile of
the horizontal wind. The profile shows the component
of the wind parallel to the propagation of the storm
with the negative velocities indicating the storm’s di-
rection of travel. The vertical winds are primarily up-
ward in this region of the storm with downdrafts be-
coming stronger only in the lowest sampled heights
with the increase of the flux of rain particles. In contrast,
there were few incidents of updrafts in excess of 4 m s ™!
in any of the earlier data for this day. The majority of
the vertical wind activity was in the form of downdrafts
of 1-2m s™'. As the storm intensifies, however, regions
of strong updrafts begin to form increasing in both size
and magnitude with time. The incidence of these cores
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FI1G. 4. Time-height profiles of the vertical winds [(a) and (b)],
with the corresponding UHF power profile (¢), and horizontal wind
sounding determined from a radiosonde released at San Juan. The
—2 and —6 m s~! downdraft contours are shown in (a) and the 6,
12, and 18 m s™! updraft contours are shown in (b). An averaging
algorithm has been used to smooth the data for the sake of presen-
tation. Each element of the data array used in the contouring routine
was averaged with the weighted values of the four adjacent array
elements. A weighting factor of one-fourth was used. In (¢) the UHF
power is shown with the contour levels range from 90 to 120 dB
increasing by 5 dB. Shown in (d) is the component of the horizontal
wind that is parallel to the storm’s direction of travel (east-southeast ),
with negative values representing the forward motion.
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of vertical winds occurs in pulses corresponding to a
series of convective cells. This is indeed what one would
expect at the leading edge of a tropical disturbance ini-
tiated by a wave (Houze 1977). A periodicity can also
be seen in the structure of the precipitation before the
development of the convective cells.

Although the tropical wave that passed over San Juan
was relatively mild, it was sufficient to produce thun-
derstorms and heavy rain. Reed and Recker (1971)
reported a strong correlation between the passage of
tropical waves and the development of mesoscale con-
vective systems (MCS). Houze and Betts (1981), in a
review of the Global Atmospheric Research Program’s
Atlantic Tropical Experiment (GATE), state that
nonsquall cloud clusters formed ahead of the trough
and moved slightly more slowly than the phase speed
of the wave, whereas squall clusters formed ahead of
the trough and moved at roughly twice the speed of
the wave. Nevertheless, the two phenomena show
striking similarities. In both cases, the leading edge of
the line is characterized by discrete line elements (LEs)
of convective cells. Each LE will rapidly grow to heights
penetrating the tropopause. The onsets of the LEs are
also accompanied by gust fronts creating strong up-
drafts. All of these features are evident in the data ob-
tained from the storm in the present work.

7. Fall speeds of the precipitation particles

After determining the magnitude of the vertical
wind, the UHF spectra can be adjusted to correspond
to those Doppler fall speeds that would be measured
in a stationary medium. Since the effects of turbulent
smearing have not been removed in the present anal-
ysis, some broadening of the spectra will be included.
Moreover, it is useful in the analysis of terminal fall
speeds to correct for the differences in density of the
medium. Foote and du Toit (1969) have studied the
effects of the ambient pressure on the drag coeflicient
of water particles falling through air and have reported
a dependence on fall speed to density of the form ( po/
p)%* where p is the air density aloft and py is the air
density at some reference level. That is, the terminal
fall speeds observed aloft v/can be related to those that
would be measured at ground level through this scaling
factor. Although this correction has become the stan-
dard, Beard (1985) states that this empirical equation
was obtained from particles that had not obtained their
terminal velocities. He suggests an adjustment to the
velocities as given by (p/po)%** for heavy rain to be
more appropriate. As seen in Fig. 5, there is little de-
viation between the two adjustments at lower altitudes,
but at 15 km the two differ by 10%. The latter relation
will be used in this work for relating the fall speeds of
all particles to the 1013-mb level.

Figure 6 shows a time-height contour of the mean
Doppler fall speeds of the precipitation particles for the
same time span as given in Figs. 3a and 4. It should
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FIG. 5. A plot of the scaling factor correction to the fall speeds of
precipitation particles aloft as given by Beard (1985) and Foote and
du Toit (1969). .

be noted that the average fall speeds shown in Fig. 6
reach a maximum value of roughly 9 m s~ in the re-
gions of convective activity. Although all observations
were. made above the freezing level, the convective
uplift would be sufficient to carry significant quantities
of supercooled water into the higher elevations. Leary
and Houze (1979) assert that the heavily rimed graupel

particles observed in the anvil of a convective tropical -

storm supports this assumption. That supercooled wa-
ter is present at these altitudes and that average fall
speeds are below the 9.65 m s~ limit established by
Gunn and Kinzer (1949) lend further confidence to
the method of extracting the vertical winds.

Both Figs. 4c and 6 reveal a peculiar feature near
1607 LST. A depression occurs in the figures corre-
sponding to a reduction in the water content in that
region. Examination of Fig. 3b further reveals that this
vault lies in a region between two of the convective
cells. The profile of the horizontal wind shows the ma-
jority of the winds to be out of the east-southeast, with
the exception of a thin layer of winds at 6 m s ! coming
from the west-northwest at a height of 13 km. The jet
produces a shearing of the particles being carried aloft
by the first cell and carries the moisture over into the
next cell. As the precipitation is being transported along
horizontally, some of the particles break up in the tur-
bulent environment. Not only can this be seen in the
patchy appearance of the UHF power and the mean
Doppler fall speeds, but the individual spectra reveal
this as well. A bimodal pattern is seen in the spectra
cbtained from the region over the vault indicative of
two distinct distributions of particles.

Once the fall speeds of the precipitation particles
have been deduced, it is possible to calculate the actual
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diameters of the particles. To do this, however, one

‘needs a relationship between vyand D. The primary

factors governing this relationship are particle size and
shape and the phase of the particle substance, that is,
liquid (sphere, oblate spheroid) or ice (graupel, hail,
snow). The Gunn and Kinzer fall speeds of liquid water
particles having diameters in the range 0.06 < D < 0.58
cm can be very well approximated by the form ( Atlas
etal. 1973)

vy = 9.65 — 10.3¢72, (11)

with v, given in meters per second and D in centi-
meters. Power laws having the form

vy = aD® (12)

are also often used. Values of a and b that have been
used in various environmental conditions can be found
in Atlas et al. (1973). In trying to determine a fall-
speed relation for the data presented here, the problem
arises of not knowing whether the radar is observing
raindrops, graupel particles, or snow. As stated earlier,
all of the data are above the freezing level, but the re-
gions of strong convection are carrying supercooled
water aloft. It is believed that the precipitation can best
be described as being graupel particles prior to the pas-
sage of the LEs. Thereafter the radar backscatter is from
a mixture of graupel and supercooled water.

If one assumes the graupel to be sufficiently dry or
present in small enough quantities, then the super-
cooled water will dominate the signal. This is due to
the larger value of | k|? of water in Eq. (3). Equations
(11) or (12) can then be used in the analysis of the
particle sizes and thus the DSD. The graupel will be

Height (km)

1626

Time (LST)

FIG. 6. Time-height contours of the mean Doppler fall speed of
precipitation particles. The contour levels range from 3 to 7 m 57!
incremented by 1 m s™'. A smoothing algorithm as described in Fig.
4 was used.
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the primary source of radar backscatter, however, if it
is wet. In this case one must use a power law as given
by Eq. (11). Although the values of { v,) all fall below
the limit as given in Eq. (11), the turbulence causes
many particles to have fall speeds larger than 9.65
m s~!, Therefore Eq. (11) cannot be used for the entire
range of fall speeds without employing deconvolution
techniques. Nevertheless, the mean Doppler fall speed
{vr) can be used with the Gunn and Kinzer equation
for calculating the mean particle size assuming super-
cooled water, since the outliers in the Doppler spectrum
will have little effect on the value of {v,). The time-
height contours of these values are shown in Fig. 7a
with the 1-, 2-, and 3-mm levels shown. For compar-
ison, a similar contour has been generated under the
assumption that the radar is observing graupel particles.
In Fig. 7b, Eq. (12) has been used with ¢ = 1.0 and b
= 0.9. These values represent an average of the data
collected in the National Hail Research Experiment
(NHRE) as reported by Heymsfield (1978).

8. The Rogers method

With the knowledge of the magnitudes of the vertical
wind and the relative reflectivities, it is possible to test
the dependence of the mean Doppler fall speed and
the reflectivity used in the Rogers method. Using Eq.
(5) along with Egs. (1) and (12), an expression can
be found relating (v;) (ms™') and Z (mm® m™?)
through

(o) =

where T represents the gamma function. The param-
eters ¢ and b in Eq. (12) are for velocities expressed
in meters per second and for particle diameters in cen-
timeters. Equation (13) can be expressed more simply
as

(7 +pu+b)[ ZX 10712 /0w
a7+ 1 )[ 0] . (13)

(7T +p) |NI(7 + p)

(o) = aZ”. (14)

Graupel

a) Supercooled Water b}
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Height (km)
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FI1G. 7. Time-height profile of precipitation particle sizes calculated
from the mean Doppler fall speeds shown in Fig. 6. In (a) it is assumed
that the precipitation consists primarily of supercooled water and
Eq. (11) was used for the calculation. The values of 1, 2, and 3 mm
are contoured. In (b) it is assumed that the returned backscattered
power is from graupel particles and Eq. (12) was used with a = 1.0
and b = 0.9. Shown are the 2-, 6-, and 10-mm contours. A smoothing
algorithm as described in Fig. 4 was used.
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FIG. 8. Log-log plot of mean Doppler fall speeds versus the relative
reflectivity. In both plots the fit to the data is of the form {vy) = aZ"
and is shown with a heavy line. The upper and lower Joss and Wald-
vogel bounds (1970) are given by light dashed lines, and the Rogers
curve ( 1964) is shown as a heavy dashed line. Panel (a) corresponds
to the data taken during the early development of the storm and (b)
is for the convective region.

In his analysis, Rogers (1964 ) found values of o« = 3.8
and y = 0.071. The relationship was derived assuming
a Marshall-Palmer drop size distribution (¢ = 0 and
Ny = 0.08 cm™) and fall-speed parameters given by a
= 14.2 and b = 0.5. Joss and Waldvogel (1970) ana-
lyzed disdrometer data from seven different storms
taken at the earth’s surface and found the relationship,
{vr) =2.6Z%19 They were able to fit 68% of the data
from each storm within +1 m s ™' providing upper and
lower bounds to the approximation. A discussion of
the various forms of Eq. (14) can be found in Atlas et
al. (1973).

A plot of the values of (v,) measured in this exper-
iment along with their corresponding values of Z are
shown in Fig. 8. An estimate of Z was obtained from
the relative reflectivities by assuming a value of Z = 0
dBZ above the tropopause. Therefore the Z’s in Fig.
8 actually denote the ratios in reflectivities (differences
when displayed logarithmically ) relative to those mea-
sured in the stratosphere. Again the values of (v,) have
been adjusted to the 1013-mb level. The data used in
Fig. 8a were obtained during the early development of
the storm (see Fig. 3a), whereas the data in Fig. 8b
represent the region of strong convection (see Fig. 3b).
Both the fit to the data (heavy line) as well as the upper
and lower bounds from the Joss and Waldvogel analysis
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(light dashed lines) have been shown in Fig. 8. In ad-
dition, the Rogers relationship (heavy dashed line) is
plotted in Fig. 8. The data from both datasets show
considerable scatter about the fitted line and little
agreement with either the Rogers curve or the bounded
values given by Joss and Waldvogel. Whereas the slope
of the fitted line in Fig. 8b is similar to those given by
Rogers and Joss and Waldvogel, this is not the case for
Fig. 8a, where many of the data points are given for
smaller fall speeds. The spectral resolution of the ve-
locity is only 0.6 m s™!, making it difficult to determine
fall speeds less than about 1 m s~'. Some of the scatter
of the data about the fitted line can also be attributed
to the effects of lightning in the spectra. A lighting event
in the beam will cause fluctuations in the radar time
series data, which makes it difficult to extract the peaks
associated with the turbulence and the precipitation.
Using the relative values of Z and the mean Doppler
velocities, that is, with no corrections for updrafts or
downdrafts, the Rogers method has been used to obtain
the vertical winds and the mean Doppler fall speeds.
In the calculation of {v/), the relationship {vy)
= 2.575Z %93 has been used as shown in Fig. 8b. This
relationship was chosen (as opposed to one in common
usage) to test the method under optimal conditions.
The vertical winds were calculated by finding the dif-
ference between the mean Doppler velocity and the
mean Doppler fall speed. The results are shown in Fig.
9. The vertical winds are shown in Fig. 9a, which shows
the general structure of the storm, but the actual mag-
nitudes of the vertical winds have been improperly es-
timated. Although the three cells can be identified, the
peak magnitude of the updrafts is given to be about 13
m s~! compared to the actual peak of more than 22
m s~'. A calculation of the corresponding root mean
square (rms) yields a value of 2.98 m s~! using the
Rogers method as compared with 6.76 m s ' from the
actual data. The rms value of the downdrafts is 1.77
m s~! compared with 1.45 m s™'. In the case of the
precipitation fall speeds, the Rogers method yields an
rms of 2.54 m s~! compared to the actual value of 3.63
m s~ '. The rms values from the Rogers method are

Vertical Wind

b) Mean Doppler Fall Speed

W ~J
]

Height (km)

Height (km)

1626

Time (LST)

FIG. 9. Contours of the vertical winds and mean Doppler fall speeds
as calculated using the Rogers method (1968). In (a) the vertical
wind contour levels 3, 6, and 9 m s™' are shown. Panel (b) shows
the 2, 3, and 4 m s~* contour levels for the mean Doppler fall speeds.
A smoothing algorithm as described in Fig. 4 was used.
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considerably worse if the Joss and Waldvogel relation-
ship {v,) = 2.6Z%'%7 is used. Values of 6.02, 0.81, and
4.32 m s~ are found for the mean Doppler fall speeds,
updrafts, and downdrafts, respectively.

The differences between the data obtained in this
experiment and the theoretical relationship are not
surprising considering several factors. The earlier stud-
ies of the dependence of {v;) on Z were conducted at
or near ground level. Even then one expects only good
agreement for Z > 10* mm® m™3. Atlas et al. (1973)
explain that intense rains measured at ground level
consist primarily of larger particles that do not exhibit
a wide range of median volume diameters. This seems
to be important for the successful application of Z-
{v,) relationships. Unfortunately, such an environ-
ment is often not found when making measurements
aloft. In a study of four different storms, Pasqualucci
(1975) used (v) = 2.96Z % 10 fit mean Doppler ve-
locities measured at a height of 19 m above the earth’s
surface to 0.3 m s~!. At a height of 360 m, however,
the data were scattered about the fit by more than +1.0
m s~ !. In a dynamic environment such as found in a
thunderstorm, one encounters an inhomogeneous en-
vironment resulting in a large variability in the drop
distributions. Examination of the individual Doppler
spectra reveals considerable structure. Broad and bi-
modal spectra are often observed, which clearly indi-
cates a large distribution of particle diameters. The
tendency of the spectra to possess a bimodal structure
i1s not, however, unique to turbulent environments.
Although Gossard et al. (1992) were observing strati-
form homogeneous cloud systems, they also report
multiple peaks in the spectra corresponding to different
particle growth centers. ‘

Another source of error expected in using Eq. (14)
is its dependence on the parameters of DSD and the
phase of the precipitation particles. In so doing, an
assumption of the rainfall rate has likewise been made.
Gossard et al. (1992) have proposed the use of a plot
relating the reflectivity Z, rainfall rate R, and the
Doppler fall speed v/in the study of precipitation. Such
a plot is divided into three regimes corresponding to
graupel, liquid, and snow, and they have used this fea-
ture in identifying the phase of the precipitation. Their
data show graupel particles having a considerably larger
fall speed for a particular value of Z than liquid ones
with the same Z. This leads to a sectioning of the plot
into a liquid regime and a graupel regime. Snow can
be found at the boundary. They used a 915-MHz radar
to determine spectra of precipitation particles in strat-
iform rain above and below the freezing level. By plot-
ting the values of (v;) and Z on a Z-R-v,plot obtained
over several range gates, they are able to show a phase
transition occurring.

9. Conclusions

In this paper, a thunderstorm associated with a trop-
ical wave was observed as it passed over the NAIC
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Observatory in Arecibo, Puerto Rico. The dual-fre-
quency observations of the system made it possible to
make direct measurements of the vertical wind as well
as to study the nature of the precipitation. This facil-
itated the removal of the updrafts and downdrafts from
the Doppler velocities associated with the falling pre-
cipitation particles thus yielding the Doppler fall speeds.
An analysis of the data has shown this storm to bear
close resemblance to similar systems reported in the
GATE studies. Having direct measurements of the
mean Doppler fall speeds as well as the reflectivities
lead to an analysis of the validity of the Rogers method.
Whereas this method can produce the general features
of the vertical winds and the mean Doppler fall speeds,
it cannot be used reliably to obtain their magnitudes.

Having the ability to directly measure the magni-
tudes of vertical winds and the precipitation facilitates
the study of many aspects of such data. Currently a
detailed study of the spectra is being conducted with
an emphasis on deconvolving the effects of turbulence
from the precipitation signal. This is expected to pro-
vide information of the mass flux of the precipitation
leading to a better understanding of the particle growth
process. An investigation of gravity waves is also under
way. Examination of the vertical winds before, above,
and after the storm should reveal the atmospheric
waves generated by the thunderstorm.
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